Background: long-term exposure to particulate matter (PM) has been associated with increased cardiovascular morbidity and mortality but little is known about the role of the chemical composition of PM. this study examined the association of residential long-term exposure to PM components with incident coronary events. Methods: eleven cohorts from Finland, Sweden, Denmark, germany, and italy participated in this analysis. 5,157 incident coronary events were identified within 100,166 persons followed on average for 11.5 years. long-term residential concentrations of PM < 10 μm (PM 10 ), PM < 2.5 μm (PM 2.5 ), and a priori selected constituents (copper, iron, nickel, potassium, silicon, sulfur, vanadium, and zinc) were estimated with land-use regression models. We used cox proportional hazard models adjusted for a common set of confounders to estimate cohort-specific component effects with and without copyright © 2015 Wolters Kluwer Health, inc. all T he link between long-term exposure to ambient air pollution and especially particulate matter (PM) and adverse cardiovascular health effects is well established.
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including PM mass, and random effects meta-analyses to pool cohort-specific results.
Results: a 100 ng/m³ increase in PM 10 K and a 50 ng/m³ increase in PM 2.5 K were associated with a 6% (hazard ratio and 95% T he link between long-term exposure to ambient air pollution and especially particulate matter (PM) and adverse cardiovascular health effects is well established. [1] [2] [3] [4] [5] However, PM is a complex heterogeneous mixture of chemical constituents originating from a variety of sources and little is known regarding which specific components implicate toxic effects on human health. 6, 7 already in 1998, the US national academy highlighted the importance of understanding the specific sources. 8 Several epidemiologic, toxicologic, and human exposure studies have been conducted since then, but evidence is still tenuous, partly due to the limited comparability of the findings.
6,9,10 also, these analyses focused on short-term effects of PM constituents. So far, only a few studies investigated the influence of long-term PM component exposure on cardiovascular and respiratory morbidity and mortality or related outcomes. [11] [12] [13] [14] [15] two studies from the US consistently observed an increased risk of ischemic heart disease mortality for PM 2.5 iron (Fe) and sulfur (S) or sulfate, but evidence was mixed for potassium (K), silicon (Si), zinc (Zn), nickel (ni), and vanadium (V). 11, 12 For both studies, concentrations were obtained from fixed monitoring stations, potentially leading to exposure misclassification. a further US study applied a national spatial prediction model to derive individual residential concentrations of elemental and organic carbon, S, and Si. the authors observed an association between S and incident cardiovascular events but not with cardiovascular mortality. 13 in this study, individual PM component concentration was assessed based on a standardized framework within the european Study of cohorts for air Pollution effects (eScaPe, www.escapeproject.eu) and transport related air pollution and Health impacts -integrated Methodologies for assessing Particulate Matter (tranSPHOrM, www.transphorm. eu) projects. 14 17 However, no association was seen between PM or PM components and cardiovascular mortality. 14, 18 We explained this lack of association with decreased fatality rates over the past years due to an improved treatment resulting in a lower power to detect an association. Furthermore, medication intake has likely biased the results because fatal events might have been preceded by nonfatal events. When looking at incident events, we included both fatal and nonfatal events and tried to reduce the medication bias at least in parts by excluding persons with prevalent events.
as current air quality guidelines are based on PM, a better understanding in the toxicity of its components is essential in evaluating the impact of PM on public health. therefore, the objective of this analysis was to assess the association of residential long-term exposure to PM constituents on the incidence of coronary events in different european regions.
METHODS
eScaPe combined existing cohort studies of mortality and chronic diseases in europe to quantify the associations between long-term exposure to air pollutants and health outcomes. For this analysis, we could include 11 cohorts from Helsinki, Finland, Stockholm, Sweden, copenhagen, Denmark, augsburg and ruhr areas (both germany), and rome and turin (both italy), for which information on coronary event incidence and long-term PM constituent concentration at the residence were available (eappendix 1; http://links.lww. com/eDe/a911). Work in all cohorts was conducted in accordance with the Declaration of Helsinki, and with all local ethical requirements. all subjects provided informed consent or authorization from the data protection authority.
Exposure Assessment
Within eScaPe, PM was measured based on a standardized methodology between 2008 and 2011. 19 in each study region, we performed three 14-day measurement periods at 20 monitoring sites over approximately 1 year. For each site, we averaged the measurements and adjusted for temporal trends with the help of continuous measurements taken at one background reference site which was operated the whole study period. Harvard impactors were used to collect samples of PM 10 and PM 2.5 on teflon filters which were then analyzed for elemental composition using X-ray fluorescence. 16 Out of 48 elements measured, we chose a priori eight constituents (S, K, cu, Fe, ni, V, Zn, Si) which indicated an association with human health, 6 which were detected in >75% of the samples and reflect various anthropogenic sources. 16, 20 However, these elements are not necessarily source-specific and potential sources may differ among different regions.
Following a common protocol (http://www.escapeproject.eu/manuals/), land-use regression models were developed for each area and each exposure variable separately on the basis of the measured concentrations and potential predictor variables like traffic indicators, land use, household density, industry, and altitude (eappendix 2, etable 1; http://links. lww.com/eDe/a911), as presented previously. 16 Whereas K was present in both PM fractions, cu, Fe, and Si were more prominent in the coarse fraction of PM 10 and S, ni, V, and Zn were more prominent in PM 2.5 . Because we aimed to investigate which specific components might be responsible for the toxicity of both PM fractions, we developed for each fraction separate models for all eight components. the performance of the land-use regression models was assessed with the average validation explained variance determined by leave-one-out cross-validation R². Models for S and Zn performed usually better in the south because the measured concentrations were higher combined with a higher spatial contrast in these areas (eappendix 2, etable 1; http://links.lww.com/eDe/a911). the model performance was mixed for K with low crossvalidation R² (<0.30) for Helsinki (both fractions), copenhagen (PM 10 ), and turin (PM 2.5 ). For the ruhr area, only a poor model could be built for PM 10 K (cross-validation R² = 0.14) and none for PM 2.5 K. reasons for failure might be a small within-area variability in combination with the lack of sourcespecific predictor variables. cross-validation R² ranged from 0.47 (Helsinki) to 0.92 (copenhagen) for cu and Fe in both fractions with traffic as the main predictor. although larger amounts of ni and V were found in PM 2.5 , concentration levels and within-area variability were generally higher for PM 10 . thus, models performed only poorly (<0.30) to moderately (0.30-0.50) for the PM 2.5 fraction but reasonably well (>0.50) for PM 10 for most areas. no models could be built for PM 2.5 ni for Stockholm and for PM 2.5 V for the Munich/augsburg area, probably because of poor precision of the measurements with low concentrations. the PM 10 V model for Munich/augsburg area was very poor (cross-validation R² = 0.04) and included only one predictor variable which was only available at five out of the 20 monitoring stations resulting in very low concentrations with almost no variation. therefore, we decided to exclude the augsburg cohort from the PM 10 V meta-analysis. cross-validation R² for Si was moderate to good with traffic and population density as the main predictor variables. the regression models were then applied to the baseline residential addresses of the participants to predict individual longterm concentrations.
Outcome Definition assignment of outcome definitions was identical to our previous analysis. 17 information on coronary events was derived by record-linkage of hospital discharge and mortality registries for nine cohorts. cases were defined on the basis of the principal diagnosis on the hospital discharges including either international classification of Disease (icD) codes for "acute myocardial infarction" or "other acute and sub-acute forms of ischemic heart disease" (icD-9 codes: 410, 411; icD-10 codes: i21, i23, i20.0, i24). in addition, death certificates were checked for persons who died out-of-hospital from ischemic heart diseases (icD-9: 410-414; icD-10: i20-i25), and had no evidence of hospital admission for ischemic heart disease 28 days before death, and no evidence of hospitalization for any cause 2 days before death. For the ruhr cohort, incident cases were adjudicated by an independent endpoint committee on the basis of medical records. For the augsburg cohort, incident cases were selected on the basis of interview and inspection of medical records, and then clinically validated using the MOnica criteria. Because we were interested in incident events only, persons who suffered an acute coronary or cerebrovascular event previous to the enrollment were excluded from the analyses. the exact reference period depended on the data availability of the cohorts and ranged from 3 years for two italian cohorts to lifelong for the augsburg cohort.
Statistical Analyses
in the first step, cox proportional hazards regression models with age as the underlying time variable were calculated locally in each cohort using a common statistical protocol and Stata script. 17 Potential covariates were harmonized on the basis of a common codebook. We defined confounders at baseline a priori based on our previous analysis. 17 the main model included year of enrollment, sex, marital status (single, married/living with partner, divorced/separated, widowed; for the Stockholm SDPP cohort only the binary variable "living with partner" was available; for the rome cohort all participants were living in partnerships at baseline), education (primary school or less, up to secondary school or equivalent, university degree and more), occupation (employed, unemployed, homemaker/housewife, retired), smoking status (current, former, never), smoking duration (years), smoking intensity among current smokers (cigarettes per day), and an area-level socioeconomic indicator. the analyses were restricted to persons with no missing information in both the exposure variables and the covariates of the main model.
to investigate the effects of PM constituents on coronary events, we calculated single constituent and PM-adjusted constituent models. the latter are intended to account for the fact that the components as part of PM might reflect the total PM effect rather than the specific effect of the component, especially if component and total PM are highly correlated. Because simple two-pollutant models might induce multicollinearity, we first regressed total PM on each component separately and then included these residuals one by one together with total PM in the model. then, the estimate of the residual component represents the independent component effect and the PM estimate specifies the effect of total PM mass. 21 according to Mostofsky and colleagues, 21 coefficients and standard errors for the constituent residual are identical to coefficients and standard errors for the component concentration if both are adjusted for PM. However, the interpretation of the PM estimate differs representing the impact of total PM in the residual model while representing the impact of all other components than the one included in a simple two-pollutant model.
in the second step, we performed random-effects meta-analyses with the DerSimonian and laird 22 method to pool cohort-specific effect estimates. to evaluate heterogeneity among cohorts, we used I 2 statistics and X 2 test from cochran's Q statistic. 23 all results are expressed as Hr and 95% confidence intervals for a fixed increment in each PM component. increments were defined a priori as the rounded values of the average difference between the 10th and 90th percentile of the average concentrations at the measurement sites to enable broad comparisons among the Hrs of different constituents.
as sensitivity analysis, we restricted the meta-analysis to cohorts with a good performance of the land-use regression model (cross-validation R² > 0.5). in addition, we performed meta-regression by cross-validation R², north to south gradient, and annual average PM. to investigate the role of traffic as a source for specific components, we stratified the cohorts by the inclusion of traffic variables in the cohort-specific land-use regression models (eappendix 2, etable 1; http://links.lww.com/eDe/a911). Moreover, we additionally adjusted for all available cardiovascular risk factors, in particular BMi, cholesterol level, physical activity (<1 hour/week, about 1 hour/week, >2 hours/week), alcohol consumption (never, 1-3 drinks/week, 3-6 drinks/ week, >6 drinks/week), diabetes, and hypertension. in our previous analysis, PM estimates only changed marginally when including (1) diabetes and hypertension; (2) physical activity, alcohol consumption, and BMi (available in eight cohorts); and (3) all five variables and cholesterol level (available in four cohorts). Because these intermediates and risk factors were not gathered for all cohorts, we built this extended model as the best possible local confounder adjustment for each cohort. We thought this strategy a reasonable tradeoff between weakening the comparability among the cohorts and maintaining the overall picture without reducing the number of cohorts.
all cohort-specific analyses were conducted with Stata software (Statacorp, college Station, tX). For metaanalysis and meta-regression, we used r software (r core team (2013), Url http://www.r-project.org/).
RESULTS
a description of the cohorts and the main characteristics of the participants at baseline are presented in table 1 and eappendix 2, etable 2 (http://links.lww.com/eDe/a911). Overall, we observed 5,157 incident coronary events among 100,166 persons followed for 1,154,386 person-years. the average follow-up was 11.5 years and the enrollment period encompassed 15 years (1992-2007) . the mean age varied between 44 (rome and SiDria-turin cohorts) and 74 years (Stockholm cohort Snac-K); the percentage of women ranged from 48% (ePic-turin) to 65% (Stockholm Snac-K). the distribution of estimated PM component concentrations at residences for each cohort can be found in Figure 1 and eappendix 2, etable 3 (http://links.lww.com/eDe/ a911). the highest concentrations and contrasts for most table 2 shows the pooled results of constituent and PM-adjusted constituent models of the association between incidence of coronary events and PM components. Substantial heterogeneity between the cohort-specific effect estimates was present for PM 2.5 Si in single constituent models and PM 2.5 Zn in PM-adjusted models. except for K (both PM fractions), the estimates were attenuated in the PM-adjusted models. We observed elevated risks for incident coronary events for increases in both PM fractions of K, PM 10 Si and PM 2.5 Fe. Single constituent models also indicated an increased risk for PM 10 ni. For all other constituents, positive suggestive associations were found. the effect estimates of total PM remained stable by design (eappendix 2, etable 5; http://links.lww.com/ eDe/a911). Forest plots of single constituent models of PM 10 K and Si and PM 2.5 K and Fe illustrate the cohort-specific weights and effect estimates ( Figure 2 ). While rome was the most influential cohort for K in both fractions, PM 10 Figure 2 and eappendix 2, eFigures 1 and 2; http://links.lww.com/ eDe/a911). However, meta-regression by cross-validation R², north to south gradient or annual average PM did not reveal a substantial influence of these factors on cohortspecific component estimates (eappendix 2, etable 6; http:// links.lww.com/eDe/a911). in local analyses, we observed an increased risk for coronary events for the ePic turin cohort (eappendix 2, eFigure 2; http://links.lww.com/eDe/a911), where estimated PM 2.5 annual average concentrations were above the eU air quality standard of 25μg/m³ for all cohort participants (data not shown). results of stratified meta-analyses by traffic as land-use regression predictor variable are presented in Figure 3 . For PM 10 K, we observed similar effect sizes compared with the overall effect for the subset of cohorts with traffic. traffic was also the determining source for PM 2.5 K and PM 10 ni. the additional adjustment for all available cardiovascular risk factors resulted in similar effect estimates for all PM components (eappendix 2, etable 7; http://links. lww.com/eDe/a911). 
DISCUSSION
in this european multi-center study, we observed an elevated risk for incident coronary events in association with long-term exposure to PM constituents, especially of K, Si, and Fe. the results were robust to model specification and confounder adjustment. Our previous analyses on the association of PM and coronary events in the same cohorts indicated risk increases for PM 10, PM 2.5 , PM coarse (2.5-10 μm in aerodynamic diameter) and soot (PM 2.5 absorbance) but no association was seen for nitrogen oxides. Our results suggested an influence of PM components originating from resuspension of road dust. a cohort study among california teachers observed an increased risk of ischemic heart disease mortality for a number of PM components, such as PM 2.5 Fe, K, Si, Zn, and sulfate 11 while a recent analysis of the american cancer Society (acS) cohort within the national Particle component toxicity (nPact) initiative reported an association for Fe and S but not for K, Si, Zn, ni, and V for the same outcome. 12 although neither study is directly comparable with our analysis, the reported Hr of the teachers study of 1.27 [1.07, 1.49] per 70 ng/m³ increase in PM 2.5 K is similar in size to our pooled findings (Hr of 1.26 [1.09, 1.47]) for the same increment. 11 However, the nPact acS study as well as our parallel analysis on cardiovascular mortality could not detect an association.
12,14 K is often considered as a marker of biomass combustion but has other sources as well, such as soil and sea salt. Our study design was optimized to estimate small-scale FIGURE 2. Cohort-specific and pooled effects on incidence of coronary events (hazard ratios and 95% confidence interval) per fixed increase of selected PM components. Order of studies is based on north to south gradient. PM 10 : particulate matter with an aerodynamic diameter <10 μm, PM 2.5 : particulate matter with an aerodynamic diameter <2.5 μm, K: potassium, Fe: iron, Ni: nickel, DL: DerSimonian & Laird, I²: I² statistic, P: P value of test for heterogeneity, LOOCV R²: cross-validation explained variance of land-use regression models. All models were adjusted for age (time variable), year of enrolment, sex, marital status, education, occupation, smoking status, smoking duration, smoking intensity, and socioeconomic area-level indicator.
variations in traffic-related air pollutants, thus traffic sites and traffic-related predictors were overrepresented in the exposure assessment. Biomass combustion could not be considered as a predictor because this information was not available in geographic information Systems data for most regions. levoglucosan, a more specific marker of wood burning, was determined for four eScaPe areas (augsburg/Munich, germany; the netherlands/Belgium; Oslo, norway and catalunya, Spain) and showed only a low to moderate correlation with K (Spearman correlation ranged from −0.15 to 0.57). 24 Moreover, stratification by predictor variables illustrated that especially our PM 10 K findings were mainly attributable to cohorts with traffic predictors in the land-use regression models for K. For most of these cohorts, land-use regression models also performed better, and the sensitivity analysis restricted to cohorts with a good performance showed similar effect estimates for both fractions. We therefore interpret our K findings rather as related to traffic (for example from resuspension of road dust) than to biomass burning.
in line with this interpretation, both Si and Fe which have been suggested as more specific tracers for road dust indicated an association with coronary events. For an increase of 30 ng/m³ PM 2.5 Si, our estimate with a Hr of 1.03 [0.99, 1.08] was however lower compared with the Hr of 1.11 [1.02, 1.20] reported by Ostro and colleagues 11 for ischemic heart disease mortality. a further nPact study analyzing data of the Women's Health initiative study applied a national spatial prediction model to derive individual residential concentrations of elemental and organic carbon, S, and Si. 13 However, both nPact studies did not observe an association between PM 2.5 Si and incident coronary heart disease events or ischemic heart disease mortality. 12, 13 in particular, the PM 10 fraction of Si was highly correlated with total PM in some areas, which led to wide confidence intervals in PM-adjusted models. Main predictors were traffic and population or residential area. Si has also been suggested as an indicator for soil dust. However, a distinction between road dust and soil is often not possible due to overlapping source profiles. 20 Fe might also reflect nontailpipe emissions from brake abrasion and land-use regression models for Fe performed well with traffic and population as prevailing predictor variables. Our estimate of 1.07 (1.01, 1.13) was similar to the nPact acS study of 1.05 (1.00, 1.10) but much lower than the one from the teachers study with 1.29 (1.09, 1.52; all estimates calculated per 100 ng/m³ PM 2.5 Fe). 11, 12 When removing the Danish cohort from the meta-analysis, our effect estimate was attenuated.
We could not see a clear risk increase in association with Zn or cu, more specific markers of brake and tire wear. However for Zn, meta-regression analysis indicated slightly higher effect estimates with higher annual average PM 2.5 concentrations. especially in turin, where PM 2.5 annual average concentrations exceeded the eU air quality limit value, we observed an increased risk for coronary events.
elevated ni concentrations, a tracer for oil combustion, indicated an increased risk for the PM 10 fraction. Stratification by predictor variables showed that this finding was also mainly driven by cohorts with traffic predictors. landuse regression models for PM 2.5 ni were mostly poor due to the lack of source-specific predictors and the lack of main sources (ports) in most areas. V is considered to derive from similar sources as ni but effect estimates were not as clear. When pooling only cohorts with cross-validation R² > 0.5, the estimate indicated an association for V in the PM 10 fraction. However for PM 2.5 V, no cohort fulfilled this criterion. Whereas PM 10 S estimates were elevated in single constituent models the adjustment for total PM reduced the estimate to unity. contrary to the nPact studies, S did not seem to be associated with coronary events in this study. However, we have to take into account that specific predictor variables for this marker of secondary particles were lacking. in summary, our component-specific results can only partly explain our previously observed association between coronary events and PM. the elevated estimates of K, Si, and Fe concentrations indicated an impact of road dust. Markers of further nonexhaust traffic emissions like brake and tire wear (cu, Zn) showed no association though exposure estimation actually showed a higher precision. Source-specific predictors for secondary particles and oil and biomass combustion were missing, which weakened not only the precision of the exposure models and hence the potential to detect an association in the epidemiologic analysis. 
Mechanisms
Several biologic mechanisms have been suggested for how PM and its components may impact cardiovascular health. 2, 6 long-term PM exposure may induce oxidative stress and inflammatory processes, both in the lung but also systemically, which in turn are assumed to provoke and accelerate the progression of atherosclerosis. in parts, transition metals like Fe, ni, and V and their potential to generate reactive oxygen species may contribute considerably to the oxidative stress burden as implicated by in vitro and in vivo experiments. 6, 25 Furthermore, an animal study in rats showed that exposure to transition metalrich PM leads to cardiac dysfunction by multiple mechanisms like decreased t-wave amplitude and area, reduced heart rate or increased nonconducted P-wave arrhythmias, 26 all of which could provide a link for our findings of an increased risk of cardiac events, as these events can be triggered by autonomic dysfunction, repolarization abnormalities, and arrhythmias.
Strengths and Limitations
to date this is the first multi-center study investigating the effects of individual long-term exposure to PM constituents at residence on incidence of coronary events. Major strengths of this study are the common and centrally validated exposure assessment, including uniform and standardized measurement and modeling procedures to assign outdoor pollutant concentrations to the residential addresses of the participants. 16, 19, 27 Further strengths are the harmonization of the pre-existing cohort data and cohort-specific analyses using a common code book and analysis codes. a major limitation is that specific predictor variables for sources such as biomass combustion were not available in the geographic data bases that we had access to. the most detailed predictor data were available for motorized road traffic. Furthermore, the measurement campaigns were designed to capture general variation among regional, urban background, and traffic sites. Fewer sites were generally included to capture differences in other sources, such as industry or ports. therefore, the landuse regression models for PM components from traffic sources performed better than from other sources, such as industry or biomass combustion. Similar to earlier studies on elemental composition, our results can be interpreted as the effect of the component or the source(s) of the element. as many models did not contain specific source predictor variables but more general predictors (e.g., population), we cannot disentangle effects of related elements, e.g., Si and Fe. We did not measure organic components, such as organic carbon, or specific organic compounds, such as PaHs. PM 2.5 absorbance, which is highly correlated with elemental carbon, pointed to an association with coronary events in our previous analysis (1.10 [0.98, 1.24] per 10 −5 /m increase). 17 Moreover, because elements may stand for different sources in different regions, a meta-analysis might not always be meaningful. Furthermore, exposure assessment was conducted in 2008 to 2011, while cohorts were enrolled from 1992 to 2007. However, our previous study comprising the same cohorts found similar effects for PM when using backextrapolated concentrations taking long-term and seasonal time trends into account. 17 in addition, several studies on nitrogen dioxide reported stability of land-use regression modeled spatial contrasts over time, [28] [29] [30] [31] which might be applicable to traffic-related components as well.
CONCLUSION
Our results indicated an association between long-term exposure to several air pollution constituents and incidence of coronary events in european cohorts, in specific K, Si, and Fe pointing to an impact of resuspension of road dust. although the cohort participants differed in their characteristics and the study regions in their PM composition, the results were mostly homogeneous.
